In this study, we evaluated the osseoconductivity of Type 316L stainless steel with self-organized nanopores of three different average diameters (26, 90, and 177 nm), formed by anodic polarization. The proliferation, alkaline phosphatase activity, and morphology of MC3T3-E1 mouse osteoblast-like cells, cultured on the self-organized nanopores were evaluated. The cell densities on samples with the nanopores were higher than those on mechanically nished surfaces that were mirror-polished or ground with #2000 SiC paper. In particular, the highest cell density and alkaline phosphatase activity were obtained on the nanoporous sample with the smallest diameter of 26 nm. Cells on the samples with 26 nm nanopores extended further and spread more lopodia compared with cells on samples with the other surface morphologies. Therefore, we concluded that self-organized nanopores with an optimal diameter (e.g., 26 nm) on Type 316L stainless steel could enhance long-term cell activity.
Introduction
Various surface treatments, including sintered beads, plasma spray, and ber mesh coating, have been applied to metallic biomaterials in order to improve their biocompatibility. [1] [2] [3] [4] The roughness of the implant surface is increased by these treatments to facilitate adhesion of the body tissue to the implant, resulting in improved osseointegration. Many researchers have studied cell behaviors on various metallic substrates after modi cation of their surface to form nano-or micro-sized grooves, gratings, dimples, and dots. [5] [6] [7] [8] [9] [10] Cell activities have been reported to be in uenced by such micro-or nano-sized substrate morphology. Electrochemical approaches to form highly de ned porous alumina [11] [12] [13] and TiO 2 nanotube layers 14, 15) have been extensively reported. Additionally, cell behaviors on porous alumina and TiO 2 nanotube layers have been reported. [16] [17] [18] [19] [20] [21] Stainless steel is one of the mostly employed metallic biomaterials. Stainless steel has many advantages, including low cost, appropriate mechanical properties, and good workability. 22 ) Improvement of the biocompatibility of stainless steel has been achieved through changes in chemical composition, 23) modi cation of topography by femtosecond laser irradiation, 24) hydroxyapatite coating, 25) and collagen/calcium salt coating. 26) Recent study showed that nano-sized self-organized pores can be formed on stainless steel by anodic polarization. 27) Although cell adhesion on such nanopores has been already examined, 28, 29) detailed analysis of cell activities on stainless steel with nanopores have not yet been reported.
Recently, the use of Type 316L stainless steel in implants has decreased, because the osseoconductivity of this type of stainless steel is not necessarily favourable compared with those of Ti and Ti alloys. Thus, we have performed a series of studies on stainless steels as biomaterials, [30] [31] [32] [33] investigating their corrosion behaviors, and surface modi cations for improvement of osseoconductivity. Such surface modi cations have the potential to promote the application of stainless steels as implant materials. Accordingly, in this study, we examined the proliferation, alkaline phosphatase (ALP) activity, and adhesion of cells on Type 316L stainless steel with nanopores.
Materials and Methods

Sample preparation
The material examined was Type 316L stainless steel, the chemical composition of which as follows: Cr: 17.35, Ni: 12.18, Mo: 2.07, Mn: 1.20, Si: 0.63, P: 0.030, C: 0.011, S: 0.001, and Fe: bal. (mass%). The material was cut into disk samples of typically ϕ15.5 mm, with 1 mm thickness. The surface was abraded with SiC paper (#800, #1000, #1500, and #2000) and then mirror-polished with colloidal silica. Finally, the samples were ultrasonically rinsed in acetone, ethanol, and deionized water successively, followed by drying at room temperature. The samples were further modi ed with the following surface nishes: #2000 polished, mirror-nished, or nanopores formed at 20, 30, and 40 V. The electrochemical process used to form nanopores was carried out in ethylene glycol containing 2.0 M NaClO 4 using a two-electrode electrochemical cell with a platinum counter electrode. The sample was potentiodynamically polarized from 0 V to desired voltages (20, 30 , and 40 V) with a scan rate of 0.1 V/s and then kept at the voltage for 300 s. After the electrochemical process, the samples were ultrasonically cleaned in acetone and ethanol, rinsed with deionized water, and dried. The surface of the samples was characterized using a eld-emission scanning electron microscope (FE-SEM; JSM-6500; JEOL Ltd.) and an atomic force microscope (AFM; SPM-9500; Shimadzu Co.). The samples were sterilized in a steam autoclave at 121 C for 15 min prior to cell culture.
Cell culture
In order to examine the osseoconductivity of Type 316L stainless steel samples with various surface morphologies, osteoblasts were cultured on the samples. MC3T3-E1 mouse osteoblast-like cells (RIKEN Cell Bank, Ibaragi, Japan) were cultured on samples in 24-well polystyrene plates for up to 5 days using alpha minimum essential medium (α-MEM; DS Pharma Biomedical Co.) with 10% fetal bovine serum, 7.5% bicarbonate (MP Biomedicals Inc.), and 0.5% kanamycin at 37 C in an atmosphere containing 5% CO 2 atmosphere. Cells were seeded on the samples at an initial density of 5000 cells/ cm 2 . After the desired cultivation period (1, 3, 4, or 5 days), the samples were stained with Giemsa stain (Wako Co.) to assess cell density and morphology. The cell density on the samples was estimated by counting cell numbers at nine observation areas of 0.57 mm 2 or 2.3 mm 2 for each sample using an optical microscope (BX51; Olympus Co.).
ALP activity assays
To evaluate osteoblastic activity, ALP enzyme activity was measured. 34, 35) ALP assays were performed using a LabAssay ALP kit (Wako Co.), according to the manufacturer s instructions. Cells were cultured on the samples in 24-well polystyrene plates for 21 days, with medium changes every 5-7 days. After 21 days of culture, the samples were washed with phosphate-buffered saline (PBS), and the remaining cells were lysed on ice for 1 h using 600 μL of ALP lysis buffer containing 100 mM Tris-HCl buffer (pH 7.5), 150 mM NaCl, and 0.2% Triton X-100. The cell lysate was centrifuged at 14,000 rpm for 5 min to remove cell debris. Next, 100 μL of cell lysate was mixed with 500 μL of 0.1 M carbonate buffer solution (adjusted to pH 9.8) containing 6.7 mM p-nitrophenylphosphate disodium (pNPP) and 2.0 mM MgCl 2 and then incubated at 37 C for 15 min. The reaction was stopped by the addition of 400 μL of 0.2 M NaOH. ALP was quantied by measuring the absorbance at 405 nm using a microplate reader (SH-1000; Corona Electric Co., Ltd.). The ALP activity was calculated as follows:
where C is the pNPP concentration in nmol/μL, a is the dilution ratio of the sample, and 15 is the reaction time in min. The ALP activity was normalized to the total protein concentration, which was determined by bicinchoninic acid protein assays (BCA Protein Assay Reagent Kit; Thermo Fisher Scienti c Inc.). 34, 36) The concentration of protein was estimated by measuring the absorbance at 562 nm, and was normalized to a standard reference dilution series of albumin (BSA).
Cell morphology
After 3 days of culture, the samples were observed by optical microscope and FE-SEM. Samples for FE-SEM observation were rinsed twice with PBS and soaked in 0.1 M PBS containing 2.5% glutaraldehyde for 1 h for the xation of cells. After the xation, samples were rinsed again with PBS three times for 10 min each. The samples were then dehydrated in a graded series of alcohols (50, 60, 70, 80, 90, 95, and 100%) for 5 min each and soaked in 100% alcohol for 30 min. Finally, the dried samples were sputter-coated with Au-Pd.
The activities of osteoblast-like cells on Type 316L stainless steel samples with various surface nano-topographies can be characterized based on cell morphology. In order to evaluate lopodium growth and cell extension quantitatively, the morphology of cells cultured for 3 days on different substrates was characterized using the following shape factors. 37 ) Figure 1 shows the schematic de nitions and calculations of the shape factors. Shape factors 1 (circularity) and 2 (roundness) quantitatively indicate the degree of lopodium growth and cell extension, respectively. The unity of shape factors 1 and 2 indicates no lopodium growth or cell extensions with a round shape, respectively. Lower values for shape factor 1 indicate that the cells have more lopodia, whereas lower values for shape factor 2 indicate that the cells spread and extend more.
Statistical analysis
Numerical data were presented as the mean ± standard deviation (SD). The results were analyzed statistically using analysis of variance (ANOVA) and Tukey s honest signi cant difference (HSD) tests. Differences with p values of less than 0.05 were considered statistically signi cant.
Results and Discussion
Morphology of the self-organized nanopores formed
by anodic polarization on Type 316L stainless steel SEM top-view images and AFM images of Type 316L stainless steel with self-organized nanopores formed by anodic polarization at 20, 30, and 40 V are shown in Figs. 2(a)-(c)  and 3(a)-(c) , respectively. The average pore diameters were 38) Moreover, they identi ed the photoelectron peaks of underlying metals, indicating that the thickness of the passive lms was less than a few nanometers. In this study, the samples were sterilized in a steam autoclave at 121 C for 15 min prior to cell culture. Therefore, the surfaces of the samples with various surface morphologies, i.e., #2000 polished, mirror-nished, and nanopores of 26, 90, and 177 nm, were covered with similar oxide lms that were formed in a high-temperature, humid atmosphere and were much thicker than the passive lms formed before sterilizing. 39) Consequently, the surface oxide lm did not affect cell activation on the samples.
Cell density
Figure 5(a) shows the proliferation of osteoblast-like cells cultured for 5 days on the Type 316L stainless steel samples with nanopores of different diameters (26, 90 , and 177 nm). Cell proliferation on the mirror-nished surface and the surface ground with #2000 SiC abrasive paper (hereafter referred as #2000 SiC) was determined for comparison. No signi cant differences were observed for the ve surfaces on day 1. However, after 3 days of culture, the cell densities were clearly different among the surfaces. Because the cells reached con uence on day 5, the ratios of cultivated cell numbers to seeded cell numbers were analyzed on day 3 using Tukey s HSD tests and are presented in Fig. 5(b) . The cell number ratios on samples with nanopores were signi cantly higher than those on mirror-nished samples. Furthermore, samples with nanopores of 26 nm exhibited higher cell number ratios than samples with other nanopore sizes (90 and 177 nm) and the #2000 SiC sample. These results indicated that smaller nanopores enhanced cell activity on stainless steel during short-term cell culture.
ALP activity
In this study, ALP activity was used to determine osteoblastic activity because ALP activity is an early marker of osteoblast differentiation and is thought to play a major role in bone formation and mineralisation. 40) ALP activity in cells cultured on Type 316L stainless steel with nanopores of different diameters is summarized in Fig. 6 . ALP activity was signi cantly higher for samples with nanopores of 26 nm than other samples. Therefore, we concluded that the formation of nanopores with an optimal diameter on Type 316L stainless steel could enhance long-term cell activity as well.
Cell morphology
The effects of surface nano-topography on the activities of osteoblast-like cells during short-term culturing can be determined by evaluating cell morphology. Figure 7 shows optical images of cells on Type 316L stainless steel after 3 days of culture. The shapes of osteoblast-like cells clearly differed depending on the surface modi cation; that is, cells cultured on the mirror-nished and #2000 SiC surfaces extended in a round shape, whereas cells on nanopores spread well with lopodium extensions. In order to quantitatively evaluate lopodium growth and cell extensions, we characterized the morphology of cells cultured for 3 days on different samples. Figure 8(a) shows the shape factor 1 of cells, which was used to evaluate lopodium growth. The values were calculated from 50 cells on each sample. The shape factor 1 value of the nanoporous samples was lower than those of the mirror-nished and #2000 SiC samples. In particular, cells on samples with nanopores of 26 nm exhibited the lowest shape factor 1 values among the three nanoporous samples (26, 90 , and 177 nm), implying that the smaller pores on the Type 316L stainless steel enhanced cell lopodium growth. Figure 8 (b) shows the shape factor 2 values (n = 50), which indicated cell extensions. The shape factor 2 values of the samples with nanopores were lower than those on the mirror-nished and #2000 SiC samples. In particular, the sample with nanopores of 26 nm exhibited a much lower shape factor 2 value than that the other samples with nanoporores (90 and 177 nm), indicating that smaller pores on stainless steel enhanced cell spreading.
The correlation between shape factors 1 and 2 for cells cultured on the Type 316L stainless steel with various surface morphologies is described in Fig. 9 . Overall, the correlation analysis showed that cells cultured on the samples with nanopores were located at the lower left in the gure, whereas those on the mirror-nished and #2000 SiC samples were distributed at the upper right. Furthermore, cells on nanoporores of 26 nm are much localized at the far lower left among cells on the nanopores of three diameters. This indicates that cells on the samples with nanopores of 26 nm spread and extended further and had more lopodia than those on surfaces with nanopores of larger diameters and on mirror-nished and #2000 SiC surfaces.
The surface structure of nanopores on various substrates has been reported to in uence cell activity during short-term culture. Min et al. studied the growth and adhesion of epithelial cells cultured on various nanoporous aluminum oxides with different diameters. 16) They reported that the proliferation of cells cultured on nonporous aluminum oxide with diameters of 30 nm (the smallest diameter examined in their work) was higher than that of cells cultured on at surfaces and nanoporous aluminum oxides with other diameters (40, 45 , and 50 nm). Schmuki et al. also studied the adhesion, spreading, growth, and differentiation of mesenchymal stem cells on nanotubular titanium oxides with various diameters (15, 20, 30, 50, 70 , and 100 nm) and reported that nanotubes with diameters less than 30 nm, particularly those with a diameter of 15 nm, were most preferable. 17, 18) Thus, our current ndings coincide with those of previous studies obtained for different substrates, despite the distinct differences in substrate compositions, e.g., aluminum, titanium, and stainless steels. Therefore, we could conclude that nanopores on a substrate primarily affect cell activity during short-term cell culture and that pores of smaller diameter were suitable for enhancing cell activity.
In contrast, Cavalcanti-Adam et al. used immuno uorescence analysis of actins and β3 integrins at the adhesion sites, employing block-copolymer micelle nano-lithography to 2069 Cell Activity on Type 316L Stainless Steel with Self-Organized Nanopores Formed by Anodic Polarization generate gold nanodots coated with a c(RGDfK)-thiol peptide (a cyclic peptide linked to mercaptopropione acid via the spacer aminohexanoic acid) arranged as hexagonally packed arrays with spacing of 28, 58, 73, and 85 nm. Their results showed that cell activities, such as cell spreading, stress ber formation, and focal contacts were maximized on nanodot arrays with spacing of 28 and 58 nm, but were decreased on arrays with spacing of 73 and 85 nm. 8, 41, 42) These results indicated that cell adhesion sites should be located in optimal arrangements for enhancement of cell activities. Cell interactions with extracellular surfaces are mediated by clustering of integrins into focal adhesion complexes and activation of intracellular signaling cascades to the nucleus and cytoskeleton. 43) Many integrin signals converge on cell cycle regulation, directing cellular apoptosis, proliferation, and differentiation.
44) The head of an integrin heterodimer consisting of a β-propeller of the α-chain and the A domain of the β-chain is about 10 nm in diameter, as estimated from electronmicrographic imaging of individual integrin molecules. 45) This suggests that nanopores with the smallest diameter will allow clustering of integrins, resulting in optimal integrin activation. However, nanopores with large diameters almost completely prevent integrin clustering and the formation of focal adhesion complexes. Therefore, available sites for cell adhesion, which may be mainly the edges of nanopores on Type 316L stainless steel, are arranged more appropriately for nanopores of 26 nm in diameter compared with the other surfaces. This may result in extended cell morphology, increased lopodium formation and enhanced cell density during shortterm culture.
Conclusion
The cell activities on self-organized nanopores formed by anodic polarization of Type 316L stainless steel were examined for MC3T3-E1 mouse osteoblast-like cells. The cell densities were higher on samples with nanopores than on mirror-nished samples. In particular, the highest cell density was observed for sample with nanopores of the smallest diameter (26 nm). ALP activity on the sample with the smallest nanopores was also higher than that on the other samples. The cells cultured on mirror-nished samples tended to be round, whereas cells on samples with nanopores exhibited spreading of lopodia and extension of their cell bodies. These results indicated that the smallest nanopores (26 nm) formed on Type 316L stainless steel improved cell activities. Therefore, generation of self-organized nanopores with an optimal diameter on Type 316L stainless steel may be a promising surface treatment for application of this type of stainless steel as an implant material.
